Abstract Obesity is associated with metabolic dysfunction, including a positive energy balance, increased insulin resistance, dyslipidemia, hypertension and inflammation. Bariatric surgery is an effective treatment of many of the metabolic defects associated with obesity. In this review, we outline the effect of bariatric surgery on energy balance, glucose homeostasis, blood pressure control and lipid metabolism. We also examine the effect of bariatric surgery on inflammation, and in particular renal inflammation, and detail the evidence for the mechanisms underlying these effects.
Introduction
Obesity is increasingly prevalent, and is associated with metabolic changes that predispose to diabetes, cardiovascular disease and inflammation [1] . These changes include increased insulin resistance, increased endogenous glucose production, increased dyslipidemia, and changes in the regulation of energy balance [1, 2] .
Bariatric surgery can effectively treat the condition of obesity associated metabolic dysfunction [3] . As well as improving metabolic parameters such as insulin sensitivity and secretion, there are changes to energy balance with improved appetite and energy expenditure [4] [5] [6] . This can translate to remission of type 2 diabetes in approximately 40 % of surgical recipients, but can also result in marked reductions in inflammation, with clinically important effects in conditions such as kidney disease [4, 7] .
In this article, we review the effects of bariatric surgery on several key metabolic conditions associated with obesity. We will outline the major bariatric modalities, and then detail the changes that occur after bariatric surgery in each of the major processes mentioned above. Specifically, we will discuss the changes in glucose homeostasis, lipid metabolism, and energy regulation after bariatric surgery. Finally, we will examine the evidence for changes in inflammation, and discuss potential mechanisms associated with these changes.
Review

Major Bariatric Modalities
Several bariatric procedures are available. The most commonly performed procedures are Roux-en-Y gastric bypass (RYGB), adjustable gastric banding (AGB), and vertical sleeve gastrectomy (VSG) [8] . Biliopancreatic diversion, with or without duodenal switch (BPD and BPD-DS), is less commonly performed but is often considered in extremely obese individuals [9] .
In RYGB, the stomach is divided into an upper gastric pouch, which is 15-30 milliliters (mL) in volume, and a lower gastric remnant. The jejunum is divided some 30 to 75 centimeters (cm) distal to the ligament of Treitz; this distal part is anastomosed to the gastric pouch. The excluded biliary limb is connected to the bowel 75 to 150 cm distal to the gastrojejunostomy.
In AGB, a band with an inner inflatable silastic balloon is placed around the proximal stomach just below the gastroesophageal junction. The band can be tightened through a subcutaneous access port by the injection or withdrawal of a saline solution.
In VSG, the stomach is transected vertically over a 34 or 36F bougie creating a gastric tube and leaving a pouch of 100-200 mL.
BPD involves a partial gastrectomy that results in a 400 mL gastric pouch [10] . The small bowel is divided 250 cm proximal to the ileocecal valve, and the alimentary limb is connected to the gastric pouch to create a Roux-en-Y gastroenterostomy. An anastomosis is performed between the excluded biliopancreatic limb and the alimentary limb 50-100 cm proximal to the ileocecal valve. In BPD-DS, a VSG is constructed and the division of the duodenum is performed immediately beyond the pylorus. The alimentary limb is connected to the duodenum, whereas the biliopancreatic limb is anastomosed to the ileum 75-100 cm proximal to the ileocecal valve [11] .
Insulin Resistance, Insulin Secretion and Glycemia: Changes After Bariatric Surgery Insulin resistance is associated with obesity and is a key factor in the development of obesity associated type 2 diabetes [12, 13, 14•, 15-18] . Insulin resistance can develop or be exacerbated in obesity via increased hepatic insulin resistance, or through the accumulation of adipose tissue [12, 13, 14•, 15-18] . Hepatic insulin resistance is very responsive to bariatric surgery, and can be ameliorated by RYGB in a nondiabetic population as measured by HOMA-IR [14•, 17] . This is also the case in those with diabetes, and the changes are seen within 7 days post-operatively [12, 13] . The improvement in HOMA-IR after bariatric surgery results in insulin sensitivity comparable to those with normal glucose tolerance, and improvements continue for up to 12 months postoperatively [14•, 15]. Similar results have been consistently shown in animal and human studies [12, 13, 14•, 15-18] .
Peripheral insulin resistance does not immediately improve after RYGB to the same extent as hepatic insulin resistance [2, 15, 17, 18] . Peripheral glucose uptake as measured by euglycemic-hyperinsulinemic clamp is enhanced by RYGB in non-diabetic cohorts, although it can take up to 6 months for this to be measurable [18] .
However, even if peripheral insulin resistance remain unchanged post-operatively almost 60 % of surgical recipients can still have near normal fasting blood glucose levels within a few weeks [15] . Pre-operative glucose tolerance has no affect on peripheral insulin sensitivity postoperatively [15] . This implies that the hepatic effects on insulin resistance, in concert with the other metabolic effects, are important in determining the impact of bariatric surgery on glucose homeostasis post-operatively.
The mechanism of the improvement in hepatic insulin resistance is not yet fully understood. Acute calorie restriction has been suggested as the main component of the improvement in insulin resistance after weight loss [19] . Low calorie diets, such as those that take effect immediately after bariatric surgery, can improve insulin sensitivity [19, 20] . This can occur within 1 week of initiating a very low calorie diet, with significant reductions in hepatic insulin resistance as measured by euglycemic-hyperinsulinemic clamp [19] .
The improved hepatic insulin sensitivity following a reduction in food intake after bariatric surgery can be associated with significant improvements in glucose handling [19, 20, 29, 38] . The changes in glycemia can be seen as early as 4 weeks from the onset of low-calorie intake in this cohort [20] [21] [22] [23] . The effects of reduced energy intake are limited to hepatic insulin resistance, and calorie restriction has a negligible effect on peripheral insulin resistance over an eightweek period [19] .
There may be mechanisms other than calorie restriction responsible for the changes in insulin sensitivity seen after bariatric surgery. In a study of obese participants who maintained a very low calorie diet and subsequently underwent RYGB, insulin resistance as measured by insulin tolerance test and HOMA-IR reduced after calorie restriction but decreased further after RYGB [24] . Therefore, there are additive mechanisms associated with RYGB to improve insulin sensitivity above and beyond that of calorie restriction alone.
Weight loss can partially explain this with respect to hepatic insulin resistance, and may be the complete answer with respect to peripheral insulin resistance.
With weight loss insulin resistance does improve and this is maintained long term [2, 25] . A study measuring insulin resistance in a euglycemic-hyperinsulinemic clamp, and correcting for body weight and basal energy expenditure, could not detect a difference in hepatic insulin resistance beyond that associated with weight loss [2] . Other data find comparable improvements in HOMA-IR after AGB and RYGB that can be correlated with weight loss [5, 26] . Peripheral insulin resistance is not particularly responsive to bariatric surgery in the short term, but any improvements seen are associated with a greater degree of weight loss [18, 19, 27] .
Some of the improvements in weight loss can be attributed to GLP-1 and other satiety gut hormones [4, 5, 28] . Incretin hormones may also affect insulin metabolism, therefore improving insulin sensitivity [27] [28] [29] [30] [31] . Bariatric procedures vary in how they enhance the incretin response. There is a greater improvement in RYGB as compared to AGB [27, 31] . However, similar improvements in peripheral insulin sensitivity can be achieved with AGB, a procedure that itself is not associated with altered entero-hormonal dynamics, thus implying that weight loss is the most important mediator of peripheral insulin sensitivity after bariatric surgery rather than improvements in incretin secretion [3] [4] [5] .
Incretin hormones, and particularly glucagon-likepeptide-1 (GLP-1), have been implicated in the improvements in insulin secretion after bariatric surgery [29, 30] . A very low calorie diet can induce improvements in first-phase insulin secretion [19] . This can result in the better insulin secretion in obese cohorts with diabetes, to a level comparable to BMI matched control groups [19] .
While this may contribute, RYGB results in increased insulin secretion after eating when compared to patients who had similar calorie restriction for 2 weeks in non-diabetic matched groups with equivalent weight loss [18] . An associated exaggerated increase in prandial GLP-1 secretion is associated with this improved insulin secretion [12, 14•, 17, 18] . Therefore, the reduced calorie intake may additively improve insulin dynamics post-operatively, and in combination with the enhanced incretin response, can result in improvements in insulin secretion after bariatric surgery.
Beta-cell function may be partially restored, and this can also be attributed to enhanced incretin secretion [28, 29] . Beta-cell gluco-sensitivity remains impaired in diabetic cohort after RYGB when compared to non-diabetic cohorts [28] . However, overall bariatric surgery improves beta-cell function, restores incretin dynamics and improves insulin secretion [12, 14•, 17, 18, 28, 29] .
There are intracellular mechanisms involving regulators of insulin action that are augmented by GLP-1 analogues [32] . These data suggest that GLP-1 may act at a cellular level, to improve receptor sensitivity to insulin action [32] . There may also be effects on gene expression, to up regulate PPARy, thereby countering the down regulation of these genes in mouse models [33] . However, these studies are only now emerging and further work is needed to determine the effect and cellular mechanism of GLP-1 on insulin resistance.
GLP-1 also reduces lipotoxicity and glucotoxicity, which could indirectly improve insulin sensitivity [29, 30] . While this could potentially positively affect HOMA-IR calculations, it is not clear of the magnitude by which GLP-1 can influence clinically relevant hepatic insulin resistance [12, 14•] .
Other gut hormones such as glucose-dependent insulinotropic polypeptide (GIP) may contribute to maintenance of intact adipocytes, and RYGB may reduce GIP secretion through bypassing the duodenum [34, 35] . These findings remain controversial.
There is an interplay between calorie restriction, weight loss, gut hormone secretion and potentially other factors in the remediation of hepatic insulin resistance. For now, the evidence base on gut hormones does not allow us to draw any definitive conclusions about their role in the improvements in insulin sensitivity. There is no doubt, however, that bariatric surgery does improve hepatic insulin resistance and that this is at least partially mediated by calorie restriction in the short-term, and facilitated by weight loss in the medium to long-term. The effect on peripheral resistance in the short term is minimal, and is associated with weight loss in the long term rather than any other mechanism.
However, the combined effect on insulin sensitivity and insulin secretion translates to greater improvements in glycemic control in type 2 diabetes with bariatric surgery when compared to medical therapy [36•, 37•]. Diabetes remission occurs in approximately 40 % of RYGB recipients, and up to 95 % of BPD recipients over 2 years [36•, 37•].
The positive effects on glucose metabolism are also beneficial in non-diabetic cohorts, with improved glucose handing after RYGB and VSG [22, 38] . These beneficial changes are seen within weeks of the procedure, and are maintained for at least 12 months [22, 38] . This can translate to longterm reductions in diabetes incidence in obese cohorts [25] .
Lipid Metabolism
Bariatric surgery is associated with a number of changes in lipid metabolism associated with reduced cardiovascular risk. RYGB is associated with subtle reduction in lowdensity lipoprotein (LDL) and triglycerides, and dramatic increases in high-density lipoprotein (HDL) [16, 39, 40] . BPD also reduces plasma free fatty acids and triglycerides in patients with a BMI>35 kg/m 2 [30, 41]. As well as these changes on serum lipids, adipokines are increased following bariatric surgery and the increase correlates with weight loss, less insulin resistance and a lower risk of developing diabetes mellitus [42] [43] [44] . The increase in adipokines can also be associated with remission of diabetes [45] .
The mechanisms of these positive changes in lipid and adipokine metabolism may be related to the reduction in fat mass [39, [42] [43] [44] . However, some of the hormonal effects of bariatric surgery may also contribute. GLP-1 has been associated with increased fat oxidization during meals, and improvements in lipid metabolism, with a noted reduction in intracellular lipolysis [46, 47] .
Appetite and Energy Expenditure
Bariatric surgery is associated with improved satiety and reduced appetite through central and humoral mechanisms [4] [5] [6] . This effect is regulated through a complex neuroendocrine network that is still being defined [6, 48] . RYGB can increase the secretion of the satiety promoting gut hormones peptide YY (PYY) and GLP-1 [49, 50] . The neural pathways regulating energy intake and energy expenditure include the arcuate nucleus, which has receptors to which peripherally and centrally administered PYY can bind [48, 51] . In patients after RYGB and AGB, antagonism of PYY and GLP-1 results in increased appetite [49] . Bile acids may also participate in this system by augmenting post-prandial gut hormone secretion [52•] . In RYGB, bile acid secretion is increased and this is associated with greater gut hormone levels, thus reducing appetite [52•] .
Therefore, the enhanced gut hormone response has a central effect on appetite after surgery [5, 48, 51] . However, there are also effects on entero-neural systems involving the vagus nerve and its derivatives [48, 53, 54] . The contribution of GLP-1 mediated vagal responses in regulating appetite is not fully understood [53, 54] . Selective vagotomy can impair glycemic control, and have some effect on appetite [54] . However, vagotomized rats do eat less than controls and the reasons for this are not yet known [54] . Studies comparing central and intraperitoneal administration of GLP-1 in vagotomized rats suggest that there is significant contribution to satiety from both central and vagal incretin stimulation [48] .
Further studies are needed to establish how the enteroendocrine system interacts with the central nervous system to affect satiety, but further research may yield breakthroughs that change the way we understand obesity and appetite. For now, we can be sure that bariatric surgery generally reduces appetite, at least in the medium term, and that the gut hormone effects, augmented by enhanced bile secretion, drive this change in appetite through central and vagal mechanisms.
RYGB in rats increases resting energy expenditure compared to sham operated and sham operated body weight matched rats [55] [56] [57] . The increased energy expenditure is not related to physical activity or thermogenesis, and central mechanisms have been implicated [6, 56, 57] . In contrast weight loss after RYGB in humans most likely reduces basal energy expenditure in diabetic and non-diabetic patients [2, 58] . However, this is in the context of reduced calorie intake and weight loss. Patients usually have a greater resting energy expenditure pre-intervention, and therefore the resting energy expenditure may be greater than expected [40, 59, 60] .
This change in energy expenditure has been related to weight loss, although the data are conflicting [40, 56, 60] . The more important determinant may be the individual's metabolic rate before surgery [40] . Those with greater metabolic rates pre-operatively may adapt to a reduced level that, when acting in the context of reduced energy intake, remains at a level that can contribute to weight loss [40, 60] .
The mechanisms underpinning this change in energy expenditure are not well elucidated. Gut hormones may be implicated [61, 62, 63•] . Oxyntomodulin, which mediates some of its action through the GLP-1 receptor, increases energy expenditure while reducing energy intake in overweight and obese humans [64] . However, oxyntomodulin also acts on the glucagon receptor and its response to bariatric surgery is not clear. Preferential oxidation of fat rather than carbohydrate after RYGB may also play a role in the changes in energy expenditure [65] .
Inflammation: Bariatric Surgery and Kidney Disease
Obesity is recognized as a state of chronic low grade inflammation [66] . Inflammatory markers such as C-reactive protein (CRP) and pro-inflammatory cytokines are reduced by bariatric surgery [66] [67] [68] . There is an increase in antiinflammatory cytokine and chemokine levels [66] [67] [68] [69] [70] [71] . This can be implicated in the improvements in a number of endorgan complications of obesity, including nephropathy [7] .
These data are based on cohort studies, and the evidence from randomized studies still need confirmation [66] . It remains controversial to use cytokines like tumour necrosis factor alpha (TNFα) or interleukins in monitoring the changes in inflammation after bariatric surgery [66] [67] [68] [69] [70] . The difficulty arises when the tissue specific relationship between cytokines and chemokines is seen to improve after surgery, as the basis for the improvements in these measurements can be multi-factorial, leading to distortion of the data [69] [70] [71] [72] . To best determine the effect of bariatric surgery on the inflammatory process within an organ system, the studies need to be focused on a particular disease process with pre-defined outcome measures.
When research in obesity and bariatric surgery is directed at specific organ system, more valid conclusions can often be found. Bariatric surgery may be associated with improvements in renal function, but the limitations of serum creatinine in patients losing lean body mass needs to be taken into account [7, 73] . Histological appearances in obesity associated kidney disease improve after bariatric surgery, and in some cases, bariatric surgery has resulted in the recovery of renal function in dialysis-dependent patients [74] .
However, the mechanisms for these improvements are not fully understood. Bariatric surgery improves blood pressure and this has been implicated in the improvements in estimated glomerular filtration rates (eGFR) [75, 76] . While improvements in body weight, blood pressure and glucose homeostasis are likely to contribute, the role of inflammation is increasingly recognized to be key to the process of kidney disease in obese cohorts, with and without diabetes [7, 77, 78] .
Improvements in renal inflammation following bariatric surgery may be associated with improvements in renal function [7, 78, 79] . The amelioration in inflammation has been best described in RYGB, VSG and AGB, with data finding comparable effects in these three modalities [7, 79] .
There are particular cytokines that can be correlated with the development of renal disease [80] . Monocytechemoattractant protein-1 (MCP-1), also known as CCchemokine ligand 2 (CCL2), is one that is strongly associated with renal disease in obesity, and with diabetic nephropathy in particular [81] . MCP-1 contributes to macrophage accumulation and renal inflammation [82] [83] [84] . Blockade of the MCP-1 pathway delays the development of renal disease in diabetic animal models, and is associated with improved cell function in human in-vitro studies [82] [83] [84] .
Bariatric surgery is associated with reductions in MCP-1 and is correlated to improved renal function [7, 79, 85] . MCP-1 is also associated with the weight loss post-operatively [7, 79] . Other data seem to hint at other mechanisms acting in addition to weight loss to reduce inflammation. After RYGB, there was a postoperative reduction in MCP-1 that can result in levels lower than that of lean controls, inferring that the relationship between MCP-1 improvements and weight or fat mass, may not be as simple as it seems [45] .
Gut hormones are increasingly being associated with reduction of inflammation in obese cohorts losing weight [86•, 87] . In kidney disease, this occurs, at least in part, through T-cell mediated regulation of macrophage aggregation and inflammation [86•, 87, 88] . The reduction in inflammation correlates with improved histological appearances [87] . This gut hormone effect on inflammation can be independent of changes in glycemia [87, 89, 90] .
In other diseases, GLP-1 mediated improvements in inflammation have resulted in demonstrable clinical benefits [86•] . The effect of bariatric surgery augmented gut hormone responses or GLP-1 analogues in psoriasis have shown particularly impressive results [86•, 91, 92] . This effect has been shown to act through the T-cell population, and therefore could act to regulate macrophage activity, which is a major immunological component of renal inflammation and disease progression in diabetic kidney disease [86•, 91, 93] .
Therefore, bariatric surgery may improve outcomes in renal disease, and this effect can be achieved through improvements in blood pressure, glycemia, dyslipidemia and inflammation [7, 73] . Inflammation is a key component in this mechanism. It seems likely that the enhanced gut hormone response following bariatric surgery improves gut hormone regulation of the inflammatory response. However, this remains to be proven.
It should be remembered that renal impairment has also been associated with increased operative mortality in surgical subjects in observational data [94] . Therefore, more studies are needed to fully define the safety and benefits of bariatric surgery in this group, although the evidence to date suggests than those with stage 3 renal impairment or better may benefit [72, 73, 75] .
Conclusion
Bariatric surgery can facilitate positive metabolic changes that improve insulin resistance, insulin secretion, blood pressure, dyslipidemia and inflammation. These changes are driven mainly by reduced appetite, weight loss and improvements in energy balance. The enhanced gut hormone responses post-operatively in procedures such as RYGB also contribute to these beneficial effects. These changes can aid diabetes remission or prevention, and can improve outcomes in disease mediated by inflammation including obesity associated nephropathy and diabetic kidney disease. As we continue to define and understand these disease processes through our ongoing research, we may find greater use for bariatric surgery and incretin-based therapy in treating and preventing diabetes and renal disease. 
